Introduction {#sec1}
============

Fungal adherence is a prerequisite for colonization and invasion of the host leading to infection. Fungi have also developed strategies to escape the host defenses. The cell wall, a dynamic structure essential for cell viability and morphogenesis, is one of the barriers that protects fungi from environmental stress ([@ref32]). It contains enzymes that could be secreted to facilitate degradation of host tissues in order to release nutrients essential for fungal metabolism, fungal growth, and tissue invasion. The cell wall also contains environmental sensors allowing fungi to resist stress, osmotic pressure, or toxic molecules ([@ref33]). Almost 90% of the fungal cell wall is composed of polysaccharides not found in humans. These structures remain an ideal yet somewhat unrealized target for the development of new antifungal drugs. The cell wall structure of medically important opportunistic fungal pathogens has been well described (i.e., for *Aspergillus fumigatus, Candida albicans, Pneumocystis* spp., *Cryptococcus neoformans, Histoplasma capsulatum,* and *Blastomyces dermatitidis).* Fungal cell walls are organized in a similar way. Indeed, cell wall is composed of two layers: an inner layer which is the backbone part and an outer layer which is a kind of carbohydrate matrix. The backbone is composed of β-1,3- and/or 1,6-glucan and chitin bound to protein or other polysaccharides. The outer layer is more variable among the species. In yeasts such as *Candida* species, highly mannosylated glycoproteins are found on it. Concerning *Aspergillus fumigatus*, α-1,3-glucan, galactomannan, and galactosaminogalactan are found, but at conidia stage, there is a supplementary outer layer composed of hydrophobin and melanin. In *C. neoformans*, a gelatinous capsule of glucuronoxylomannan and galactoxylomannan masks polysaccharides cell wall ([@ref27]). Glucan, chitin, and polymers of mannose residues are the most common polysaccharides making up the cell surface envelopes of fungal species.

However, little is known about the fine structure of the cell wall of *Mucorales* spp., a prevalent cause of fungal infection leading to significant morbidity and mortality ([@ref44]), mainly in immunocompromised and diabetic patients. The incidence of mucormycosis was underestimated in the past due to the low performance of diagnostic techniques based on conventional microbiological methods. With the recent improvement of molecular detection of fungal DNA (real-time PCR), the diagnostic is easier, non-invasive, and reliable. Mucormycosis represents the third invasive fungal infection in terms of overall mortality in France ([@ref8]). A retrospective study conducted from 1997 to 2006 provided a trend over a 10-year period at national level in France. This study showed an increasing incidence from 0.7/million in 1997 to 1.2/million in 2006 ([@ref9]). The annual incidence reported in the USA and Spain was 1.7 and 0.43/million, respectively ([@ref40]). The prevalence has been estimated at 0.01 to 0.2 per 100,000 inhabitants in Europe and in the USA, respectively, while this rate is 70 times higher in India (14 per 100,000 inhabitants) ([@ref42]). The most common *Mucorales* genera, such as *Rhizopus*, *Mucor,* and *Lichtheimia,* are involved in 70--80% of cases of mucormycosis, whereas the genera *Cunninghamella, Saksenaea, Rhizomucor, Apophysomyces, Syncephalastrum, Cokeromyces,* and *Actinomucor* are reported in only 1--5% of cases ([@ref26]). The main risk factors identified are hematologic malignancies (44%), trauma (15%), allografts (9%), diabetes (9%), cancers (5%), and solid organ transplantation (4%) ([@ref43]). The different clinical forms of mucormycosis are correlated with different risk factors. Sinus mucormycosis is predominant in patients with uncontrolled diabetes, while the invasive pulmonary form is more common in neutropenic patients and solid organ transplant recipients. Cerebral and disseminated forms are rare but are associated with high mortality rates ([@ref41]). Cutaneous forms are mainly found in immunocompetent patients after trauma and contamination by environmental *Mucorales* spores. This review provides insights on the structural composition of the *Mucorales* cell wall and potential enzymes involved in cell wall biosynthesis.

*Mucorales* Cell Wall Polysaccharides {#sec2}
=====================================

Studies dealing with the structural composition of the *Mucorales* cell wall are scarce and have mainly focused on *Mucor mucedo* and *ucor circinelloides* (formerly *Mucor rouxii*).

Chitosan and Chitin {#sec3}
-------------------

As for insects and crustaceans, fungi are characterized by the presence of chitin/chitosan, which participate in the rigidity of the glycan edifice of the cell wall. Chitin is a polymer of β-(1→4)-linked GlcNAc, while chitosan is composed of a polymer of β-(1 → 4)-linked GlcNAc and more than 50% GlcNH~2~ ([Table 1](#tab1){ref-type="table"}). One of the methods used to study chitin/chitosan in *M. mucedo* was the use of nitrous acid, which discriminates chitin and chitosan. Nitrous acid only has an effect on deamination and depolymerization if the polymer carries free --NH~2~ groups. Thereby, chitosan is degraded into 2,5-anhydromannose. Following treatment with nitrous acid, the molar ratios of anhydromannose (AnMan), GlcNAc-AnMan, GlcNAc~2~-AnMan, GlcNAc~3~-AnMan, and GlcNAc were quantified as: 67:11:3:1:13 ([@ref14],[@ref15]). The proportion of chitin/chitosan may vary between spore and hyphal forms and also between species. In *Mucorales*, these proportions were estimated at 12% and approximately 40% for spores and hyphae, respectively ([@ref12]).
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Partial structure of cell wall polysaccharides found in *Mucorales.*

  ------------------------------ ------------------------------
  Chitin/Chitosan                ![](fmicb-10-00469-i001.jpg)
  Mucoran                        ![](fmicb-10-00469-i002.jpg)
  Mucoric acid                   ![](fmicb-10-00469-i003.jpg)
  Glucan                         ![](fmicb-10-00469-i004.jpg)
  ![](fmicb-10-00469-i005.jpg)   
  ------------------------------ ------------------------------

Glucuronic Acid {#sec4}
---------------

Polyuronides are polymers of glucuronic acid (GlcUA). The proportion of this polysaccharide is dependent on the stage of development of the fungus. In *M. circinelloides*, the proportion of polyuronides varies from 25% in sporangiophore walls to 12% in hyphae or yeast-like cell walls and less than 2% in spores ([@ref6]). In *M. mucedo*, treatment of hyphae with nitrous acid releases glycuronan that is soluble in water and linked in a non-covalent way to a polymer of glucosamine ([@ref14],[@ref15]). The proportion of glucuronic acid in these hyphal forms reaches approximately 12% (w/w). Glycuronan is composed of fucose, mannose, galactose, and glucuronic acid with a molar ratio of: 5:1:1:6. Acid hydrolysis of glycuronan leads to polymers of glucuronic acid with properties of mucoric acid previously identified by [@ref6]. During acid hydrolysis of polyuronides, two fractions are obtained, mucoran and mucoric acid. Mucoran is an easily hydrolyzable heteropolysaccharide made of D-glucuronic acid, L-fucose, and D-mannose in a molar ratio of 5:2:3 and a small proportion of D-galactose and glucose ([@ref7]). Mucoric acid is a polysaccharide resistant to acid hydrolysis composed mainly of D-glucuronic acid ([@ref6]).

Mucoran can be extracted from sporangiophore cell walls after hydrolysis by HCl. It can also be extracted from yeast-like cell walls by alkaline treatment with KOH and precipitation as a copper complex ([@ref7]). This alkaline treatment was successfully used to partially characterize mucoran and to define its structure. Further characterization of mucoran was performed using the Hakomori method (methylation of mucoran), followed by reduction, hydrolysis, and conversion to partially methylated alditol acetates that were analyzed by gas chromatography--mass spectrometry. This analysis showed that glucuronic acid is substituted at C-4, confirmed by the presence of 2,3-di-O-methyl-D-glucose (derived from 2,3-di-O-methyl-D-glucuronic acid), and mannose is substituted at C-3, confirmed by the presence of 2,4,6-tri-O-methyl-D-mannose. Both monosaccharides were found in the aldobiouronic acid material, which is recovered after partial acid hydrolysis of mucoran. Aldobiouronic acid is a disaccharide composed of α-D-glucopyranosyluronic and acid-(1 → 3)-D-mannose. Mucoran may correspond to long chains of D-Man-(1 → \[4)-α-D-GlcUA-(1 → 3)-D-Man-(1-\]~n~ ([@ref7]). The molecular mass of mucoran was estimated by gel filtration and varied depending on the form of the cells that the polysaccharide was derived from. Its molecular mass varied from 19.2 kDa in the mycelial form to 34.8 kDa in yeast-like cells ([@ref22],[@ref23]). In contrast to mucoran, mucoric acid has a similar molecular mass (32--33 kDa) in sporangiophores, mycelium, or yeast-like cell walls. The monosaccharide composition revealed that mucoric acid is composed of \>90% glucuronic acid, 5% glucose, 2% mannose, and traces of galactose and fucose ([@ref22],[@ref23]) ([Table 1](#tab1){ref-type="table"}).

Glucan and Melanin {#sec5}
------------------

In contrast to hyphae or yeast-like cells, glucan was found to be the major component of the spore cell wall in *M. circinelloides* in association with melanin, glucosamine, mannans, and proteins. The corresponding abundance has been quantified in spore cell walls as follows: 9.5% glucosamine, 2.1% GlcNAc, 42.6% glucose, 4.8% mannose, 16.1% proteins, 10% lipids, 2.6% phosphate, and 10.3% melanin ([@ref5]). This study suggests that glucan synthesis may decrease during spore germination leading to modification of the cell wall glycoshield. The transition from spores to hyphal cells is probably due to *de novo* synthesis of a cell wall underneath the spore wall during germination. Despite progress in our understanding of the *Candida* and *Aspergillus* cell wall structure, little is known about *Mucorales* cell wall remodeling in different growth conditions and during tissue invasion. An elegant study demonstrated the presence of glucan in *M. ramannianus* spores ([@ref30]) using β-glucanase obtained from culture fluid of *Streptomyces* spp. By microscopy, the authors showed that the spore cell wall is composed of two layers: an outer electron-dense layer and an inner thicker layer composed of microfibrils containing glucans, cleavable by lytic enzymes found in culture fluid of *Streptomyces* spp. A more recent study showed the presence of β-glucan on *Rhizopus oryzae* by confocal microscopy and its role in the production of IL-23 and the triggering of T~H~-17 responses in dendritic cells *via* dectin-1 ([@ref13]).

*Mucorales* Extracellular Polysaccharides {#sec6}
=========================================

*Mucorales* also secrete extracellular polysaccharides (EPS), which have been studied in several species of *Rhizopus* and *Mucor*. The structures and molecular mass of these EPS depend on the species from which they were isolated. These polysaccharides are essentially composed of β1,4-linked glucuronic acid. These EPS are composed of mannose varying from 8 to 30%; galactose from 4 to 13%; fucose from 9 to 25%; glucose from 0 to 30%; and glucuronic acid from 32 to 55% ([@ref18], [@ref19]). One study showed that mannose residues could be 2-O-methylated ([@ref20]). 2-O-methyl-D-mannose represents 1--2% of the two mannan fractions extracted from EPS of *M. racemosus*. Mannose residues are linked through α1,2 linkages, while 2-O-methyl-D-mannose residues are found at the non-reducing end.

Enzymes Involved in Cell Wall Biosynthesis {#sec7}
==========================================

Endohydrolases {#sec8}
--------------

Enzymes have been implicated in biosynthesis of the fungal cell wall, notably during hyphal extension. There is a balance between synthesis and lysis of cell wall polysaccharides at the hyphal apex. Culture filtrates of *M. circinelloides* have been analyzed by gel filtration and showed the presence of uronides with several degrees of polymerization as tri-, penta-, or hexasaccharides. Analysis of these oligosaccharides showed glucuronic acid as the major part with traces of mannose, galactose, and fucose. Experiments with cycloheximide on *M. circinelloides* inhibited hyphal extension, but uronide production was unaffected suggesting a role of endohydrolases in cell wall remodeling ([@ref21]).

Glucuronosyl Transferase {#sec9}
------------------------

Experiments conducted by [@ref22],[@ref23] showed glucuronosyl transferase activity in membrane fractions from yeast-like and mycelial forms of *M. circinelloides*. This enzyme is implicated in polyuronide biosynthesis and is involved in the transfer of D-GlcUA from uridine-5′-diphosphoglucuronic acid (UDP-GlcUA) to endogenous acceptors. The acceptors are glycoproteins and polyuronides, such as mucoric acid and mucoran, found in the cell wall. The enzymes are characterized by a pH optimum between 7.0 and 8.0 for mycelial extracts, but enzymes found in yeast extracts have a lower optimum pH varying from 6.5 to 7.0. Mn^2+^ ions are required for maximal activity of enzymes from both sources ([@ref24]).

Fucosyl Transferase {#sec10}
-------------------

As fucose is found in the zygomycete cell wall, there are probably some enzymes involved in the transfer of L-fucose from GDP-fucose to polysaccharides. Fucosyl transferase activity has been partially characterized and detected in membrane fractions from *M. circinelloides*. This fucosyl transferase has optimal activity at pH 6.5 and at a temperature between 22 and 28°C. This enzyme also requires the presence of metal divalent cations such as Mn^2+^, Mg^2+^, Co^2+^, Zn^2+^, Fe^2+^, and Ca^2+^. It has been shown that mucoric acid was not only an acceptor of fucosyl residues but also an activator of the enzyme ([@ref11]).

Chitin Synthase and Deacetylase {#sec11}
-------------------------------

Chitin synthesis is catalyzed by the transfer of GlcNAc from UDP-GlcNAc to chitin by chitin synthase. Chitosan is produced by deacetylation of chitin by chitin deacetylase. A chitin deacetylase has been partially purified and characterized from *M. circinelloides*. It was found in the supernatant of disrupted mycelia of *M. circinelloides* centrifuged at 20000 *g* and in culture media. This enzyme seems to be cytoplasmic and is released into culture media ([@ref4]). Chitosan synthesis is not only due to chitin deacetylase activity; this enzyme works in tandem with a chitin synthase ([@ref16],[@ref17]). In this study, the authors showed that chitin is a precursor of chitosan. They also showed that incubation of both enzymes with UDP-GlcNAc led to the conversion of 10--15% of the substrate to chitosan within a 30-min period. The reduction in the amount of chitin was correlated with an increase in chitosan. This chitin deacetylase has an apparent molecular mass varying from 75 to 80 kDa. It is a highly mannosylated glycoprotein and the minimum substrate required for its activity is a chitotetraose. The enzyme is inhibited by carboxylic acids, particularly acetic acid ([@ref31]).

Concerning chitin synthase, a membrane-bound enzyme was purified and characterized from *Absidia glauca* ([@ref34]). This enzyme was purified in zymogen form and was converted to its active form by trypsin. The active form had a molecular mass of 28.5 kDa, and its activity was stimulated by GlcNAc and inhibited by UDP analogues like polyoxin D. [@ref35] also isolated 16S chitin synthase particles from cell walls of *M. circinelloides*. Several polypeptides were purified, but only a polypeptide at 21 kDa displayed enzyme activity.

Chitinases {#sec12}
----------

A chitinase has been purified from the cytosol of *M. circinelloides*. This chitinase has better activity on nascent free chitin synthesized by chitin synthase than on more polymerized chitin. This digestion leads to a release of diacetylchitobiose as the main product ([@ref36], [@ref37]). Organized long microfibrils of chitin seem to be less accessible to chitinases. The chitinase activity found in *M. circinelloides* corresponded to two enzymes. This enzymatic activity was also dependent on the culture age ([@ref39]). There was a peak in activity after 4 h of culture corresponding to germination (i.e., the cell wall remodeling phase). Another peak of activity was detected after 10 h during the mid-exponential growth phase. Chitinase I has a molecular mass of 30 kDa, whereas chitinase II has a molecular mass of 24 kDa.

Chitosanases {#sec13}
------------

Two endochitosanases, A and B, were purified from autolyzed cultures of *M. circinelloides*. Their molecular masses were 76 kDa and 58 kDa, respectively. These enzymes released the dimer and trimer of glucosamine, respectively, derived from chitosan ([@ref1]).

1,3-β-Glucan Synthase {#sec14}
---------------------

In fungal pathogens, such as *A. fumigatus* and *C. albicans*, glucan synthesis is well documented and involves a multi-subunit complex composed of an integral membrane protein and a regulatory subunit, encoded by members of the *FKS* and *RHO1* gene families. The presence of the *FKS* gene was also reported in *Rhizopus oryzae* ([@ref29]). The gene was cloned and sequenced. The deduced amino acid sequence revealed 64% conservation with other members of the *Fksp* family found in *S. cerevisiae, C. albicans, C. neoformans*, and *A. fumigatus*. Glucan synthase activity was measured by incubation of crude membranes from *R. oryzae* with UDP-glucose. Radiolabeled products were found and were susceptible to digestion with exo-1,3-β-D-glucanase. This activity was inhibited by caspofungin.

More recently, the genome sequence of *R. oryzae* strain 99--880 has been published using Sanger sequencing technology ([@ref410]). A large number of glyco-enzymes potentially implicated in cell wall synthesis and remodeling have been annotated following the CAZy annotation pipeline ([@ref411]). Notably, *R. oryzae* genome contains 21 CAZymes related to chitin cell wall modification and recycling including 34 chitin deacetylases; 43 related to chitosan including 3 chitosanases; 27 related to β1,3-glucan including 3 putative 1,3-β-D-glucan synthases; 5 related to α-1,3-glucan; and 7 related to β-1,6-glucan. However, these last groups of genes would have a role in the cell wall degradation of other fungi like Ascomycetes.

Sialoglycoproteins and Uronic Acid-Containing Glycoproteins {#sec15}
===========================================================

Glycoproteins were found in the cell wall of *Mucorales* that could interact with host cells. Recently, an attempt was made to characterize the nature of these glycoproteins. For this purpose, lectin-binding assays were set up with spores and yeast cells from clinical isolates of the dimorphic fungus *M. polymorphosphorus*. The spores were incubated with lectins with an affinity for sialic acids, such as *Limulus polyphemus* (LPA), *Sambucus nigra* (SNA), and *Maackia amurensis* (MAA) lectins. SNA recognizes α-2,6 linked sialic acids, MAA recognizes α-2,3 linked sialic acids, and LPA recognizes sialic acids with any type of linkage. These authors demonstrated the presence of both α-2,6- and α-2,3-linked sialic acid residues in the spore cell wall. By Western blot, they also showed that the sialic acid residues were found on cell wall glycoproteins. Sialic acids seem to protect fungi against phagocytosis by human neutrophils and monocytes ([@ref2]).

Glycoproteins containing uronic acid were also detected in the cytoplasm and cell wall from *M. circinelloides.* These proteins had a molecular mass of 16.5 kDa. The calculated ratio of protein/uronic acid was 0.33, representing two-thirds of the glycan part of these proteins. It was suggested that these glycoproteins could be a potential acceptor for chain initiation during polyuronide biosynthesis ([@ref38]).

Conclusion {#sec16}
==========

Compared to other fungal pathogens, the precise structure of *Mucorales* cell wall remains unknown. Some polysaccharides have been described such as mucoran, mucoric acid, chitin, and chitosan for *M. circinelloides and M. mucedo*. The proportion of these polysaccharides in other *Mucorales* spp. involved in human infections remains to be determined (i.e., *Lichtheimia corymbifera, R. arrhizus*, and *R. microsporus)*. Contrary to generally accepted ideas, the presence of β-glucan in the cell wall of *M. circinelloides* and *R. oryzae* spores was reported in 1964 and 2005, respectively. However, only two studies have described the existence of β-1,3 glucan synthase similar to that found in other fungal species belonging to the Ascomycetes ([@ref29]; [@ref3]). Mannose is also found in the cell wall of *Mucorales*, either in polysaccharides or in glycans. Moreover, the *ALG2* gene was reported in *R. pusillus* and was considered as a homologue of genes found in *S. cerevisiae* and encoding a glycosyltransferase playing a role in the mannosylation of Man2GlcNAc2-dolichol diphosphate (PP-Dol) and Man1GlcNAc2-PP-Dol leading to Man3 GlcNAc2-PP-Dol ([@ref45]). Protein O-mannosyltransferase, reported in the most common medically important pathogens (*C. albicans* and *A. fumigatus*), has never been reported in *Mucorales* spp. For *Mucorales*, there are still many gray areas concerning the enzymes involved in the biosynthesis and degradation of the cell wall, notably during the germination of spores ([Figure 1](#fig1){ref-type="fig"}). The role of Mucorales cell wall polysaccharides in triggering host immune response is not clear. Stimulation of immune response is dependent of the developmental stage of Mucorales (spores, germ tube or hyphae). Concerning the early steps of dissemination in blood vessels, it was reported that Rhizopus spores adhere to laminin and type IV collagen of the basement membranes ([@ref10]). Moreover, germinating spores of *Rhizopus* interact with epithelial cells by a specific recognition through GRP78, a host receptor glucose-regulator protein on host membrane cells, and CotH3, a protein belonging to the spore coating protein family ([@ref25]). Concerning phagocytic cells, macrophages can inhibit spore germination but cannot kill them. When spores are germinating, they are more susceptible to the damage by macrophages and neutrophils ([@ref28]) probably linked to the exposure of PAMPs of the cell wall. A better knowledge of the cell wall structure in term of polysaccharides will improve our understanding of the interaction between the host and *Mucorales* pathogens and will promote a better management of human infections.
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